Abstract: A high-gain, dispersion-tolerant, and linear phase-modulated analog photonic link is proposed and demonstrated based on full spectrum optical sideband processing (FSOSP). In the proposed link, upper sidebands and lower sidebands are transmitted separately in different optical paths. By suppressing the optical carrier, this link can be linearized. Moreover, it can be dispersion-tolerant due to single-sideband modulation, and it can be high-gain due to reflected spectrum reuse and power enhancement of upper and lower optical sidebands as the suppression power of optical carrier is compensated. Additionally, gain and spurious-free dynamic range are experimentally improved by 15.52 and 25.06 dB, respectively, in the proposed dispersion-tolerant link, as compared to that in a conventional phase-modulated link without FSOSP.
Introduction
Analog photonic links (APLs) have developed rapidly in recent years [1] , [2] . Enjoying the advantages of both optical and microwave technologies, it has been explored for many civil and military applications such as broadband wireless access networks, radar systems, satellite communitarians, instruments and warfare systems [1] - [3] . For many applications, the intensity-modulated APLs performed well, but for those instances required high link performance, new approaches were warranted [2] . Hence, many researches began to focus on the phase-modulated APLs, since phase-modulated APLs offer several advantages over intensity-modulated links for transmitting analog radio frequency (RF) signal over fiber [1] , [2] , [4] , [5] . For instance, no biasing or external control at the phase modulator is required, which improves reliability, simplicity, size, weight as well as environment tolerance. [2] , [4] . This can also be an important advantage for antenna-remoting applications in the harsh environment [2] , [4] .
However, the high-performance and long-haul phase-modulated APLs are severely limited by nonlinearity [2] , [3] , [5] , dispersion [2] , [7] , [8] , and low system gain [2] , [6] . The nonlinearity of the link produces intermodulation and harmonic distortions, and the key problem is the third-order intermodulation distortion since it is in the transmitted channel and cannot be filtered out [2] , [4] , [5] . Furthermore, the chromatic dispersion may lead to the periodical power fading, which can cause a power penalty. Eventually, some fiber lengths are not suitable to the specific phase-modulated APLs to transmit the RF signals over fiber [2] , [7] , [8] . In addition, the system gain limits the link's performance such as the signal-to-noise ratio (SNR) and the bitter error ratio (BER) [6] , and low gain is not suitable for the long-haul APLs, which requires a large number of amplifiers to compensate the link loss, and simultaneously various unavoidable noises are induced [2] , [6] .
To solve that problem, previously, many viable schemes have been proposed. For instance, gain can be improved in the phase-modulated APLs by incorporating local oscillator power manipulation [9] or sagnac loop [10] . Dispersion can be compensated in the phase-modulated APLs by utilizing predistortion [7] or dual-polarization [8] . Besides, nonlinearity can be compensated by exploiting dual-wavelength technique [4] or coherent detection [11] . The proposed solutions have achieved modest success in solving their problems, but it's hard to simultaneously improve the link's gain, dispersion and linearity by utilizing a practical solution which is simply a combination of two or more proposed solutions above.
In 2013, a novel scheme of dual-polarization multiplexing which can simultaneously improve linearity and dispersion was demonstrated [12] . This method is suitable to the high-fidelity phasemodulated APLs, but it's not a high-gain link and the problem of gain may limit the performance of the APLs while transmitting RF signals over fiber for a long distance. In 2014, an method of optical carrier bidirectional reusing which can simultaneously improve system gain and linearity in phase-modulated link was conceived and presented [13] . This APL is not suitable to transmit RF signals over fiber since the problem of dispersion has not been solved. In 2015, Gao et al. proposed an method of bias manipulation which can compensate dispersion and improve linearity in the long-haul APL [14] , but the problem of gain limits the system performance. Therefore, the research towards the high-performance phase-modulated APLs which require high gain, dispersion compensation and large spurious-free dynamic range (SFDR) is still warranted [2] , [15] , and it will continue to be an important area of research with a very promising future.
In this paper, a high-gain, dispersion-tolerant and linear phase-modulated APL is proposed and demonstrated based on full spectrum optical sideband processing (FSOSP). In this paper, "highgain" denotes the signal gain in our proposed APL is higher than that in the conventional APL, "dispersion-tolerant" means our proposed system can mitigate the harmful effect of dispersioninduced power fading, "Linear" indicates the nonlinear distortions can be suppressed in our proposed link. In detail, in the proposed link, upper sidebands and lower sidebands are transmitted separately in different optical paths. By suppressing the optical carrier to manipulate the power ratios of optical sidebands, the third-order intermodulation distortion (IMD3) can be suppressed and thus this link can be linearized. Moreover, it can be dispersion-tolerant due to single-sideband (SSB) modulation, and it can be high-gain due to reflected spectrum reuse as well as power enhancement of optical sidebands when the suppression power of optical carrier is compensated. Additionally, gain and SFDR are experimentally improved by 15.52 dB and 25.06 dB, respectively in the proposed link as compared to that in a conventional phase-modulated link without FSOSP.
Concept and Principle

The Configuration of The Proposed Link
The configuration of the proposed link is illustrated in Fig. 1 in detail. It has two separated branches, one is the transmitted light path, the other is the reflected light path. By employing the tunable bandpass filter (TBPF), single-sideband modulation can be implemented in both these two separated branches. Moreover, in the transmitted light path, the power ratios of optical sidebands is controlled by the TBPF, while in the reflected light path, it is controlled by the tunable band-stop filter (TBSF). This can suppressed the detected IMD3 and linearize the proposed link. Furthermore, with two separated branches in the proposed configuration, reflected spectrum can be reused in the reflected light path, and with all the optical carrier sidebands are suppressed in both these two separated branches, the optical signals can obtain higher gain in erbium-doped fiber amplifiers (EDFAs). This enables the proposed link to be high-gain. Thus, the configuration of the proposed link is purposely designed in this manuscript, which can achieve SSB modulation, linearization, and gain improvement simultaneously.
Single-Sideband Modulation and Linearization
In Fig. 1 , an optical carrier output from the CW laser is injected into a phase modulator, and the optical carrier is modulated by a two-tone RF signal with angular frequencies of ω 1 and ω 2 . Note that the two-tone signal instead of a single-tone signal employed in the proposed system, is utilized for measuring the system's linearity, and the measurement method for that is illustrated in detail in [16] . Then, the amplitude of the two-tone signal is defined as V m , and the output optical field of the phase modulator can be expressed as
where P i n denotes the output power of the CW laser, ω 0 describes the angular frequency of the optical carrier, m indicates the modulation index defined as m = πV m /V π , and V π is the half-wave voltage for the RF signal. After applying Bessel function expansion to (1), it can be expressed as
As can be seen from (2), phase modulation generates an infinite number of sidebands. However, as higher-order sidebands are negligible with small signal input, only zero to second-order sidebands are considered in this paper. Afterward, the light wave is coupled into a circulator from port 1. Then, it is sent trough a TBPF which is connected to port 2 of the circulator. The TBPF is a commercial wavelength tunable fiber bragg grating (FBG) with a band-pass trapezoidal frequency transfer function, which is shown in Fig. 1(a) in detail. Moreover, the incident light wave which is illustrated in Fig. 1(a) is divided into the transmitted and the reflected light waves in the TBPF. By properly adjusting the central wavelength and the 3-dB bandwidth of the TBPF, which is shown in Fig. 1(a) , the transmitted light wave, which consists of an optical carrier sideband (OCS) with amplitude transmission coefficient of a 0 , a firstorder upper sideband (1-USB) with amplitude transmission coefficient of a 1 , and a second-order upper sideband (2-USB) with amplitude transmission coefficient of a 2 , can be obtained. Meanwhile, the reflected light wave, which consists of an OCS with amplitude transmission coefficient of (1 − a 0 ), a 1-USB with amplitude transmission coefficient of (1 − a 1 ), a 2-USB with amplitude transmission coefficient of (1 − a 2 ), a first-order lower sideband (1-LSB) with amplitude transmission coefficient of 1, and a second-order lower sideband (2-USB) with amplitude transmission coefficient of 1, is reflected from the TBPF. The transmitted optical field E T (t) and the reflected optical field E R (t) are demonstrated in Fig. 1(b) and (c) respectively. They can be expressed as
As can be seen from (3), the optical signal which passing through the TBPF is divided into the transmitted optical signal and the reflected optical signal. Both of them are SSB modulation, which can mitigate the dispersion-induced power fading [17] . It enables our proposed system to be dispersion-tolerant. Note that the terms "mitigate" and "dispersion-tolerant" used in this paper indicate the fading effect can not be totally eliminated in the proposed link. It is because the fading caused by phase shifts on second-order optical sidebands can not be eliminated by SSB mdoualtion, but according to (2) , the optical powers of second-order sidebands are much smaller than that of first-order sidebands and optical carrier sideband, and thus, the detected fading can be very small and ignored especially when the RF input signal is small (m<<1).
After that, the transmitted light wave output from the TBPF is sent through a tunable delay line (TDL). In theory, by properly control the TDL, the optical path difference between the optical path from TBPF to PD 1 and the optical path from TBPF to PD 2 can be compensated, where PD is short for the photodetector. Thus, the detected RF signal output from the balanced photodetector (BPD) is independent of time and the proposed link is stable. Next, the light wave output from the TDL is amplified by the EDFA 1 with an optical booster amplifier gain of G E D FA 1 . After amplification, the transmitted light wave is direct detected by PD 1 in the BPD. The output photocurrent after PD 1 is given by I PD 1 (t) = R 1 |E T (t)| 2 , where R 1 is the responsivity of the PD 1. Hence, the output photocurrents for first-order harmonic (FOH) and third-order intermodulation distortion (IMD3) can be expressed as
Furthermore, by further expanding the i T I M D 3 (t) using Taylor series expansion to the fifth-order term in m, the i T I M D 3 (t) can be deduced as
In (3), the nonlinear term proportional to m 3 can be eliminated by adjusting the amplitude transmission coefficient a 0 so that a 0 = a 2 /3, in which case the leading nonlinear term are proportional to m 5 . Besides, as it is shown in Fig. 1 , a 1 and a 2 are selected to be 1 in the TBPF. It's because this guarantees the APL can be operated in a broadband range as long as the 3-dB bandwidth of the TBPF is wide enough. Thus, (5) can be deduced as
the i T FO H (t) in (4) and the i T I M D 3 (t) in
In the meantime, the reflected light wave E R (t) reflected from the TBPF, which is shown in Fig. 1 , is sent through the circulator from port 2 to port 3. Then, it is injected into a TBSF. The TBSF is a commercial wavelength tunable FBG with a band-stop inverted trapezoidal frequency transfer function, which is shown in Fig. 1(c) in detail. By properly adjusting the center wavelength and the 3-dB bandwidth of the TBSF, which is shown detailedly in Fig. 1(c) , the transmitted light wave output from the TBSF, which consists of an OCS with amplitude transmission coefficient of a 3 , a 1-LSB with amplitude transmission coefficient of 1 and a 2-LSB with amplitude transmission coefficient of 1, can be obtained. It is shown in Fig. 1(d) in detail, which can be expressed as
After that, the light wave output from the TBSF is amplified by the EDFA 2 with an optical booster amplifier gain of G E D FA 2 . After amplification, the light wave is detected by the PD 2 in the BPD with the responsivity of R 2 . The photocurrents for FOH and IMD3 are
By further expanding i R I M D 3 (t) using Taylor series expansion to the fifth-order term in m, the i R I M D 3 (t) can be deduced as
In (9), the nonlinear term proportional to m 3 can be eliminated by adjusting the amplitude transmission coefficient a 3 so that a 3 = 1/2, in which case the leading nonlinear term are proportional to m 5 . Thus, assuming the responsivity R 1 = R 2 = R , the output photocurrents of the BPD for FOH and IMD3 can be expressed as
As can be seen from (10), the proposed link can be high-linear as the IMD3 is efficiently suppressed. It's because both the IMD3s in the transmitted and reflected light paths are suppressed, which is implemented by controlling the power ratios of optical sidebands. In the transmitted light path, the power ratios of optical sidebands can be controlled by the TBPF, while in the reflected light path, it can be controlled by the TBSF. Thus, if the amplitude transmission coefficients in both TBPF and TBSF are properly selected, (6) and (9) demonstrate that the intermodulation distortions can be efficiently suppressed in both transmitted and reflected light paths. Thus, the proposed link is linearized. Last but not least, please note that using optical filtering to linearize the phase-modulated APLs had already been reported [18] , [20] , and the optimization method for coefficient a 0 ∼ a 2 in this paper is the same as that in [18] and [20] . It's because in the proposed link the work of linearization is on the basis of that in [18] and [20] . In detail, our proposed link has two separated branches, which need to be linearized simultaneously. In the transmitted light path, we purposely selected the method mentioned in [18] and [20] to implement linearization, since it is simple and also makes the linearization in the reflected light path more easier. On the basis of that, we purposed and demonstrated the linearization in the reflected light path, and thus the proposed link can be linearized. Additionally, since the proposed link is dispersion-tolerant instead of dispersion-compensation, the linearity degradation caused by dispersion-induced phase shifts on second-order optical sidebands is unavoidable. In short-reach (<2 km) or very short-reach (<200 m) proposed link, the linearity degradation is small and can be ignored. However, in intermediate-reach (2∼40 km) or long-haul (>40 km) proposed link, the linearity performance decreases rapidly and eventually to be that of the conventional link. In this case, other dispersion-compensation approaches should be employed in the proposed link to mitigate the linearity degradation.
Gain Improvement
Using the small signal approximation (m << 1), the i FO H (t) in (10) can be deduced as i FO H (t) = 2 3
0 (m). Moreover, in order to prove the proposed link is a high-gain link, two other phase-modulated APLs are introduced as the contrasting models. One is the optical sideband processing with single-sideband modulation (OSP-SSM) link [18] , it's selected as the contrasting model for it also employs the optical filter to implement optical sideband processing and achieves high linearity. Besides, it can be a high-gain link as well. The other contrasting model is the single-sideband phase-modulated (SSB-PM) link [18] , it's selected because it's the traditional phase-modulated APL without any optimization, and our proposed link is a high-gain link with FSOSP. Thus, the system gains for these three links can be expressed as
where G , G OSP−SSM , and G SSB −PM denote the system gains for the proposed link, the OSP-SSM link and the SSB-PM link, respectively. Moreover, G E D FA 1 and G E D FA 2 are limited by the maximum saturation power of the detector P s . In this paper, it's assumed that the input laser power P i n is equal to the maximum saturation power of the detector P s . In this case, G E D FA 1 = G E D FA 2 = 9, and (12), shown below, can be expressed as
As can be seen from (12), the gain in the proposed link is improved by 15.56 dB as compared to that in the SSB-PM link. The gain is improved in our proposed link due to two reasons as below. One reason is the carrier suppression. In detail, in the transmitted light path, the carrier sideband of the optical signal is suppressed by the TBPF, while in the reflected light path it is suppressed by both the TBPF and the TBSF. After that, when the optical signals are amplified by EDFAs, the suppression power of the optical carrier sidebands are compensated and the power of other optical sidebands are enhanced. Thus, the gain for the detected signals in both transmitted and reflected light paths after beat frequency can be improved and it is improved by 9.56 dB. The other reason is the reflected spectrum reuse and the gain is improved by 6 dB. Besides, as compared to the gain in the OSP-SSM link, the gain is improved by 6 dB in the proposed link as well because of the reflected spectrum reuse.
Experimental Results and Analysis
To verify the proposed scheme, we build the experimental setup which is illustrated in Fig. 1 . A CW laser (Southren Photonics TLS150) with the center wavelength of 1550 nm and the power of 10 dBm is used as the input optical carrier. A phase modulator (EOspace) with the bandwidth of 20 GHz is employed in our system. The half-wave voltage and the insertion loss are measured to be 2.92 V and 3.7 dB at the frequency of 1 GHz, respectively. A BPD (u 2 t, BPDV2150RM) that has no transimpedance gain is utilized for demodulation. The responsivity of the BPD is 0.6 W/A. Moreover, EDFAs are utilized to maintain the input optical powers before PDs to be 10 dBm in the proposed link, and they are also utilized to compensate all the link loss in the proposed link, the SSB-PM link as well as the OSP-SSM link. And EDFAs are operated in auto power controlled mode to guarantee the stability of gain, since the reuse of the filter or other reasons may affect the gain of EDFAs. Furthermore, a TBPF and a TBSF are utilized in the proposed system. The TBPF, which has a band-pass trapezoidal frequency transfer function, has a 3-dB bandwidth of 46.53 GHz. The TBSF, which has a band-stop inverted trapezoidal frequency transfer function, has a 3-dB bandwidth of 6.82 GHz. Both the TBPF and the TBSF are center wavelength tunable, and the characteristics for them are measured and illustrated in Fig. 2(a) and (b) , respectively. Additionally, a TDL is also employed in the proposed system. By properly control the TDL, the detected RF signal output from the BPD is independent of time. This guarantees the stability of the link, though two separated branches are formed in the proposed scheme. To verify that, a single-tone test is employed in the proposed scheme. In the test, a single-tone RF signal with a power of 5 dBm is employed. Then the detected RF signals in different PDs are measured separately and both these two RF signals are allocated to the oscilloscope. By properly adjusting the length of the TDL, two sinusoidal waves with equal initial phases can be obtained in the oscilloscope. The measured RF signals with the frequency of 10 GHz in the oscilloscope are shown in Fig. 2(c) . In Fig. 2(c) , the RF signal detected by the PD 1 and the PD 2 are marked by black and green respectively. When the length of the TDL is changed, the initial phase of the detected signal marked by black can be changed respect to that of the detected signal marked by green. Note that in this situation, when the path difference is well compensated by the TDL, the noise-induced phase fluctuation is still existed, and owing to the low noise power (<−155 dBm) in the proposed link, the maximum phase shift caused by the phase fluctuation between the two detected signals in Fig. 2(c) can be less than 5 degree. Thus, in the proposed link the noise-induced phase fluctuation can be ignored. And by employing the TDL for phase matching, the proposed link can be stable.
Comparison of Gain Improvement
The system gain can be measured in the single-tone test. In the test, the single-tone RF signal with the power of 5 dBm, which is produced by a microwave source (Agilent Technologies E8267D), is applied to the electrode of the phase modulator. In Fig. 3 , the detected RF powers for the proposed link, the OSP-SSM link [18] and the SSB-PM link [18] are −22.59 dBm, −47.43 dBm and −38.11 dBm, respectively. Owing to the reflected spectrum reuse, gain is experimentally improved by 5.84 dB in the proposed link as compared to the OSP-SSM link. And due to the power enhancement of upper and lower optical sidebands as the suppression power of optical carrier is 
Single-Sideband Modulation and Dispersion Improvement
SSB modulation can mitigate the dispersion-induced power penalty for long-haul analog photonic links as compared to double-sideband (DSB) modulation [2] , [12] , [17] . In the proposed link, the SSB modulation can be implemented on both the transmitted and the reflected light waves by utilizing the TBPF. Thus, the problem of dispersion-induced power fading is mitigated and in the proposed link the ability of dispersion tolerance is improved. The simulated and experimental verifications are carried out by the single-tone test. In the test, a single-tone signal with an output power of 5 dBm is applied in both simulation and experiment. It is produced by a microwave source (Agilent Technologies E8267D), and its frequency ranges from 7 GHz to 30 GHz. The minimum frequency interval for the simulation is 0.1 GHz, while the minimum frequency interval for the experiment is 1 GHz. For simplicity, the 30-km transmission attenuation of G. 652 fiber is ignored in simulation and is well compensated by EDFAs in experiment. The experimental results show that, in Fig. 4 , the problem of power fading induced by dispersion is occurred in the DSB dispersive fiber link [19] as the frequency of the single-tone signal varies from 7 GHz to 30 GHz. In contrast, the problem is mitigated in the proposed link, where the measured RF response is relatively flat with maximum power fluctuation of 6.47 dB. This fluctuation is induced by the fading effects caused by the dispersion-induced phase shifts on second-order and high-order sidebands. As is mentioned in Section II-B, it can not be eliminated by SSB modulation, but it can be ignored as m<< 1 is purposely selected. Therefore, in Fig. 4 , all that experimental results as well as simulated results have proved that the proposed link is a dispersion-tolerant link as compared to the DSB dispersive fiber link.
Linearization and Spurious-Free Dynamic Range
According to (9) , it is theoretically proved that the third-order term of the IMD3 is eliminated, in which case the nonlinear distortion is proportional to the fifth-order term. In such a fashion, IMD3 is suppressed and a high linear phase-modulated link is presented. Moreover, the high gain in the proposed link which is illustrated in Fig. 3 can make further improvement in the linearity as compared to other APLs. Experimental verifications are carried out in the two-tone test. In the test, the two-tone RF signal with frequencies of 9.95 GHz and 10 GHz is employed and the modulation index is 0.30. The experimental results are shown in Fig. 5 . Comparing the IMD3 at 9.9 GHz and 10.05 GHz in Fig. 5(a) , IMD3 in the proposed link is suppressed by 33.04 dB as compared to that in the SSB-PM link. And the slope for the IMD3 in the proposed link is 5, while that in the SSB-PM link is 3, which is in accordance with the theoretical result in (9) . In addition, the performance of the SFDR for the proposed link is also measured and the output noise spectrum density is measured to be −155.38 dBm/Hz, which is primarily limited by the phase-to-intensity noise conversion of the source laser and the EDFA's amplified spontaneous emission (ASE). As can be seen in Fig. 5(b) , 
Comparison of Phase-Modulated APLs incorporating Different OSP Techniques
Besides the FSOSP technique proposed in this paper, many other OSP Techniques have been proposed and demonstrated to improve the systems' performances of the phase-modulated APLs [5] , [18] , [20] . Hence, it is significant and necessary to make a comparison among them to find a best scheme to simultaneously improve gain, dispersion and linearity in the phase-modulated APL. For fair comparison, all the APLs selected for comparison are phase-modulated, the intensity-modulated or polarization-modulated APLs are not selected for comparison in this paper. Moreover, all the APLs selected for comparison have employed only one optimization method to improve their system performance, and the methods they employed should be one of the optical sideband processing methods. Besides, not only the system performance such as gain, linearity and dispersion, but also the system complexity is selected for comparison in this paper. It guarantees the comparison is fair since many systems' performance are improved at the cost of the increase in the system complexity.
The results are shown detailedly in Table 1 . Note that OSP-OVSM is short for optical sideband processing with optical vector spectrum manipulation. Moreover, all the gain improvements and SFDR improvements obtained in the APLs with different OSP techniques are calculated as compared to the SSB-PM link. Furthermore, the SFDR improvements for APLs with different OSP techniques can be direct referenced to relevant references [5] , [18] , while the gain improvements for them need to be calculated. Fortunately, it's easy to calculate them by utilizing (11) and (12) in this paper as well as [20, (5) , (7)]. Additionally, by comparing gain improvement, SFDR improvement and the ability of dispersion tolerance in Table 1 , it's no doubt that the proposed link performs best. And the reason why the proposed link can perform better than other links listed in Table 1 is worthy to be mentioned. The reason is the OSP technique we employ in the proposed link is more complex than the OSP techniques utilized in other links. It consists of optical sideband power manipulation, optical carrier suppression and reflected spectrum reuse. In order to implement it, a configuration with two separated branches is proposed, its system complexity is a little complex than the configuration without separated branches. Thus, the proposed link's performance is improved at the cost of the increase in the system complexity, which is also shown in Table 1 . In this situation, we should notice that since the proposed link can simultaneously solve the problems of gain, nonlinearity and dispersion, and it can perform better than other links using OSP techniques, the cost of the increase of the system complexity is worth paying. Therefore, the APL proposed in this paper is important and valuable, which provides useful reference for future researches or commercial applications for the high-performance phase-modulated APLs.
Conclusion
We have developed the theory for, and experimentally shown, a high-gain, dispersion-tolerant and linear phase-modulated APL based on full spectrum optical sideband processing. In the proposed link, optical carrier is purposely suppressed to linearize the link. Moreover, this link can be dispersion-tolerant due to SSB modulation, and it can be high-gain due to reflected spectrum reuse and power enhancement of upper and lower optical sidebands as the suppression power of optical carrier is compensated. Furthermore, improvements of 15.52 dB in gain and 25.06 dB in SFDR are experimentally demonstrated in the proposed link as compared to that in the conventional phase-modulated link without optical sideband processing. Additionally, as compared to reported phase-modulated APLs incorporating different optical sideband processing techniques, the proposed link performs best, and it provides useful and significant reference for future using of such an APL in both civil and military communications.
